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ABSTRACT: Aiming at the problems of current similar hydrogel
plugging agents, such as poor breaking performance, nonspontaneous
degradation, and reservoir pollution which have been plaguing their
application in temporary plugging operations, this study has synthesized
a cross-linking agent for hydrogels with dimethylaminoethyl acrylate and
dibromo-p-xylene as raw materials. With Fourier transform infrared, 1H
nuclear magnetic resonance, and thermogravimetric analyses as
representations of the structure and thermal stability of the cross-
linking agent, a set of self-degrading hydrogel systems has been
developed with the cross-linking agent as the core so as to make
evaluations on the temperature resistance, plugging performance, and
core damage performance of the hydrogel and conduct a study on its
gelation kinetics. The research results show that the cross-linking agent
shows good thermal stability. When applied in the hydrogel system, the hydrogel has shown high temperature resistance, maintaining
gel strength for 5−10 days at 50−90 °C, with viscosity after complete degradation lower than 10 mPa·s. The excellent bearing
strength of the hydrogel system has led to a core damage rate below 5%. The study on gelation kinetics of the hydrogel system shows
that, with the increase in the concentration of the cross-linking agent, the gelation time of the hydrogel system is shortened, with the
reaction order between the cross-linker concentration and the gelation time at about 0.6 under the condition of 50−90 °C.

1. INTRODUCTION
At present, the water injection development mode has been
generally adopted by oilfields both at home and abroad. With
the deepening of development, a large number of pressurized
water injection wells need string inspection and workover
operations every year, and the operation demand is huge.1−3

The traditional well-killing method uses well control fluid,
which suffers from many defects including the possible
pollution of the formation by the fluid, the lowering of the
permeability of the reservoir, etc., and the well-killing fluid
operation is exposed to great risks.1,4,5

Since the Tuha Engineering Institute proposed the gel
plugging technology under pressure in 2007, many scholars
have carried out research on this technology, and the feasibility
of this technology has been verified through field experi-
ments.6−9 With the rise of polymer chemistry, polymer gel
technology has achieved long-term development, giving birth
to hydrogel materials with good pregelling rheological
properties, characterized by easy injection, postgelling
deformability, and adjustable plugging strength.10−12 There-
fore, polymer gels boast unique advantages in plugging
operations.13−15 Due to its high deformability, it is not
restricted by the leakage channel. After injection, it can be

cross-linked and copolymerized from an easy-flowing polymer
or monomer solution to form immobile jelly or gel, which can
produce a plugging effect in extremely small pores. This
material, in a liquid state before injection, is transformed into a
solid gel with a three-dimensional network structure due to the
cross-linking effect under the formation conditions after
injection, which means an excellent plugging effect.16−19

At present, the commonly used polymer gel systems are
mainly cross-linked polymer gels based on polyacrylamide and
modified cross-linked polymer gels based on acrylamide.20,21

Freedman et al. have developed a series of degradable
hydrogels by combining covalent network degradable cross-
linking agents and hydrolyzable ionic cross-linked backbone
polymers, and these hydrogels have shown high mechanical
properties, adhesion, and degradability in tests up to 16
weeks;22 Jia et al. have studied a new type of high-strength

Received: March 12, 2024
Revised: July 7, 2024
Accepted: July 17, 2024
Published: July 23, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

33702
https://doi.org/10.1021/acsomega.4c02410

ACS Omega 2024, 9, 33702−33709

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongjiang+Zou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yugong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Long+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gaoshen+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaorong+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c02410&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02410?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02410?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02410?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02410?fig=agr1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c02410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


degradable nanocomposite gel, and this system can be gelled
within 20−50 min at 75 ∼ 105 °C, boasting excellent shear
resistance.24 However, the existing similar hydrogel plugging
agents cannot be easily adopted in medium and low-
temperature plugging operations due to problems such as
poor breaking performance, nonspontaneous degradation, and
reservoir pollution, leading to great difficulty and high risks in
on-site constructions.23−27 Quaternary ammonium ester cross-
linkers are an important class of cross-linkers for hydrogels,
and compared to other common cross-linkers, quaternary
ammonium ester cross-linkers applied to hydrogels can achieve
low- and medium-temperature self-degradation.28−33

To solve this problem, this article synthesized a new
quaternary ammonium ester cross-linking agent from dibromo-
p-xylene, a monomer containing a temperature-resistant group
benzene ring, which is represented through FT-IR, 1H NMR,
and TGA; a high-strength self-degrading hydrogel has been
prepared with acrylamide and a cross-linking agent, and the
basic formula of the hydrogel has been optimized through
single-factor experiments. The temperature resistance, plugging
capacity, and reservoir protection performance of the hydrogel
have been examined with the gelation kinetics of the hydrogel
system under different cross-linking agent concentrations and
polymerization temperatures studied.

2. EXPERIMENT MATERIALS AND METHODS
2.1. Materials. Acrylamide (AM, 99.0%), dimethylami-

noethyl acrylate (DMAEA, 99.5%), phenothiazine (>99%),
and dibromo-p-xylene (>99%) were purchased from Shanghai
Maclin Biochemical Technology Co., Ltd; ammonium
persulfate (APS, ≥98.0%), ether (>99%), and methanol
(>99%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (China); all the chemicals are analytical reagents to
be used with no further purification.
2.2. Preparation of Hydrogels. 2.2.1. Synthesis of the

Cross-Linking Agent. A white paste was obtained by dissolving
10 g of dimethylamino ethyl acrylate in an equal mass of
methanol solution, followed by the addition of 6.48 g of
dibromo-p-xylene and 0.1% (of the total mass) of phenothia-
zine, respectively, after stirring evenly. Subsequently, it was
placed in a 45 °C water bath and stirred for 48 h to obtain a
white paste. After cooling, it was washed with ether 3 times,
recrystallized in ethanol, filtered with suction, and dried to
obtain the cross-linking agent. The synthetic route is depicted
in Figure 1 below.

2.2.2. Preparation of Hydrogels. The synthesis of the
hydrogel is determined by reference to Zou et al. and is
improved upon on its basis.32 The specific experimental steps
are as follows: the hydrogel base solution is prepared at room
temperature by first dissolving the acrylamide and the
synthesized cross-linking agent in distilled water. The mixture
is stirred for 30 min at a stirring speed of 400 rpm, and then,
the initiator ammonium persulfate is added after homoge-
nization, followed by continued stirring for 10 min.
Subsequently, the hydrogel base solution is transferred into
an ampule, and the sealed ampule is placed in a constant-
temperature water bath for heating. This results in the gel

being a temporary plugging agent obtained when the solution
is completely solidified.
2.3. Performance Evaluation of Hydrogels. 2.3.1. Rep-

resentations of Cross-Linking Agents. The WQF-520 Fourier
transform infrared spectrometer is used for measurement, KBr
pellets for pressing, and the chemical structure changes of the
cross-linking agent are represented via FT-IR analysis.
A Bruker 400 M nuclear magnetic resonance spectrometer is

used for measurement, with D2O as the solvent, the mass
concentration of the cross-linking agent is about 1 g/L, with its
chemical structure analyzed via 1H NMR.
A STA449F5 synchronous thermal analyzer is used for

measurement, and the thermal stability of the cross-linking
agent is evaluated by raising the temperature from room
temperature to 600 °C at a rate of 10 °C/min under a nitrogen
atmosphere.

2.3.2. Representation of Hydrogels. The WQF-520 Fourier
transform infrared spectrometer is used for measurement and
KBr for pressing, with the chemical structure changes of the
hydrogels represented via FT-IR analysis.
The STA449F5 synchronous thermal analyzer is adopted for

measurement, and the thermal stability of the hydrogel
temporary plugging agent is evaluated by raising the temper-
ature from room temperature to 600 °C at a rate of 10 °C/min
under a nitrogen atmosphere.

2.3.3. Performance Evaluation of Hydrogels. 2.3.3.1. De-
termination of the Gelation Time and Degradation Time of
Hydrogels. The prepared hydrogel base solution was injected
into an ampule under atmospheric pressure and temperature,
and the sealed ampule was placed in a constant temperature
water bath at 50−90 °C to fully react, and the hydrogel
gelation time and degradation time were measured by the gel
strength code (GSC) method, which was used to measure the
hydrogel formation time and degradation time.19 In this study,
the time for the hydrogel to reach grade E is defined as the
gelation time, while the time for the hydrogel to reach grade C
is defined as the degradation time.

2.3.3.2. Evaluation of Temperature Resistance. The
prepared hydrogel systems were put in constant-temperature
water baths at 50, 60, 70, 80, and 90 °C, respectively, to
examine the gelation performance and degradation time of the
hydrogels under different temperatures. Upon complete
degradation of the hydrogel, the viscosity of the degradation
solution is tested with a Brookfield DV-3T viscometer under
corresponding temperature conditions. A CPA-41Z rotor has
been selected for the test process, and the shear rate ranges
from 1 to 100 s−1.

2.3.3.3. Plugging Performance Evaluation. The displace-
ment device is used to evaluate the plugging performance of
the hydrogel. The specific experimental steps are as follows:
the prepared hydrogel base solution is injected into the sand
filling tube at the rate of 1 mL/min, the sand filling tubes are
put into the constant temperature oven at the required
temperature to form glue, and then, they are taken out (50−90
°C). It is tested that the injected hydrogel base solution is 0.25
0.5, 0.75, and 1 PV of the total injected amount. The nitrogen
cylinder is connected to the outlet end of the sand-filled pipe,

Figure 1. Schematic diagram of the synthetic route of the cross-linking agent.
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and reverse injection is used to test the bearing performance of
the hydrogel and conduct real-time monitoring of the pressure
changes.

2.3.3.4. Formation Protection Performance. Core injuri-
ousness is an important index for evaluating the protection
performance of the hydrogel to the formation after
degradation; in this study, we adopt the core expulsion
experiment to evaluate the formation protection performance
of hydrogel, and the length of the fractured core used is 10 cm,
and the diameter is 2.5 mm, and the specific experimental steps
are as follows: (1) the experimental apparatus is connected and
its sealing with deionized water is tested; (2) the initial
permeability K1 of the fractured core was measured by placing
the fractured core into the core gripper, loading the annulus
with a pressure of 3.0 MPa and injecting simulated formation
water at 1 mL/min; (3) the hydrogel base solution was
injected at a rate of 1 mL/min (the volume of the injected
hydrogel base solution was equal to the fracture volume of the
fractured core used), and the perimeter pressure needed to be
kept always higher than the injection pressure of 3.0 MPa
during the experiment; (4) the pump was stopped, the valve
was turned off, and the core gripper was placed under the
desired temperature conditions (50−90 °C), during which the
hydrogel base solution will go through the three phases of gel
formation, blocking and degradation; (5) after the hydrogel in
the core holder is completely degraded, the permeability K2 of
the fractured core is measured; and (6) the core damage rate is
calculated, and the formula for the core damage rate is shown
in the following equation.

K K
K

100%1 2

1
= ×

i
k
jjjjj

y
{
zzzzz

In the formula, σ represents the plugging rate, K1 represents
the initial permeability of the fractured core, μm2, and K2
represents the permeability of the fractured rock after the
complete degradation of the hydrogel, μm2.

2.3.3.5. Hydrogel Gelation Kinetic Analysis. The relation-
ship between the gelation time of the hydrogel and the cross-
linker concentration is recorded. With GT as the gelation time
of the gel system and P as the mass concentration of the cross-
linking agent, log (GT) and log (P) are plotted to form straight
lines for fitting, and the slope obtained is the order of reaction
corresponding to the polymer in the gelation process of the
system.

3. RESULTS AND DISCUSSION
3.1. Representations of Cross-Linking Agents.

3.1.1. FT-IR Analysis. The infrared spectra of dibromo-p-
xylene, DMAEA, and the cross-linking agent are shown in
Figure 2. As can be seen from Figure 2, the�C−H vibrational
absorption peak of the benzene ring is at 3008 cm−1 in the
infrared diagram of dibromo-p-xylene. The stretching vibration
peak of C−H in the double bond is at 2985 cm−1 in the
DMAEA infrared spectrum, the stretching vibration peak of
C�O in the ester bond is at 1727 cm−1, the deformation
vibration peak of N−H in the amine group is at 1638 cm−1,
and the symmetric vibration absorption peak of C−O is at
1193 cm−1.In the infrared spectrum of the cross-linking agent,
the stretching vibration absorption peaks of N−H are at 3523
and 3410 cm−1, the stretching vibration peak of C−H in the
double bond is at 3270 cm−1, the stretching vibration
absorption peak of C−H in the benzene ring is at 3010

cm−1, the characteristic absorption peak of quaternary amine
groups is at 2967 cm−1, and the stretching vibration peak of
C�O in the ester bond is at 1725 cm−1; the vibration
absorption peak at 1623 cm−1 is C�C. At 1274 and 1193
cm−1, there are antisymmetric and symmetric vibration
absorption peaks for C−O, respectively. At 809 cm−1, there
is an out-of-plane bending vibration peak for the C−H in the
double bond. Through the infrared spectrum, it can be
observed that characteristic absorption peaks of the benzene
ring, carbon−carbon double bond, ester group, and quaternary
amine group appear in the infrared spectrum of the cross-
linking agent, indicating the successful synthesis of the target
cross-linking agent.

3.1.2. 1H NMR Analysis. The 1H NMR spectrum of the
cross-linking agent is shown in Figure 3 which indicates the
chemical shift of the carbon−carbon double bond at 6.41, 6.12,

Figure 2. Infrared spectra of dibromo-p-xylene, DMAEA, and cross-
linking agent.

Figure 3. 1H NMR spectrum of the cross-linking agent.

Figure 4. Thermogravimetric curve of the cross-linking agent.
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and 5.83, that of the proton connecting the ester group at 4.59,
that of the proton connected to the nitrogen atom at 3.52, 3.30
and 4.50, and that of the proton on the benzene ring at 7.11. It
can be seen from the spectrum that the synthesized cross-
linking agent contains both carbon−carbon double bonds and
ester groups, which conforms to the expected structure of the
designed cross-linking agent.

Figure 5. Influence of the Initiator Dosage on Hydrogel Properties.

Figure 6. Effect of the dosage of cross-linking agent on the properties of the hydrogel.

Figure 7. Infrared spectrum of hydrogels.

Figure 8. TGA analysis of the hydrogel temporary plugging agent.

Table 1. Effect of Temperature on Hydrogel Properties

temperature/
°C

gel strength degraded
viscosity/
mPa·s1d 2d 3d 4d 5d 6d 7d 8d 9d

50 J J J J J J J C A 9.3
60 J J J J J J E C A 9.5
70 J J J J J J C A A 9.1
80 J J J J J J C A A 8.9
90 J J J J J H D A A 8.9

Figure 9. Pressure-bearing performance test of hydrogel under
different injection volumes.
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3.1.3. Thermogravimetric Analysis. TGA of the cross-
linking agent is shown in Figure 4, which indicates three stages
in the decomposition of the cross-linking agent. The first stage
is from room temperature to 210 °C, a process involving the
loss of surface moisture and other volatile substances of the
cross-linking agent, resulting in a weight reduction of 3%; the
second stage, from 210 to 380 °C, is the main decomposition
stage of the molecular chain of the cross-linking agent featuring
the decomposition of the ester group of the molecular chain
which leads to the breaking of the macromolecular chain and a
weight reduction of 65%; the third stage, at above 380 °C,
points to the final residue of part of the carbide and other ash
contents. It can be concluded from the figure that the cross-
linking agent shows good thermal stability under the condition
of 210 °C and therefore boasts excellent thermal endurance.

3.2. Preparation of Hydrogels. 3.2.1. Initiator Dosage
Optimization. At a temperature of 50−90 °C, a basic hydrogel
formula of 10% monomer + 0.5% cross-linking agent + 0.5%
reinforcing agent + initiator is adopted to examine the effect of
the dosage of the initiator on the gelation performance and
degradation performance of the hydrogel system. The
experimental results in Figure 5 show that with the increase
of the initiator dosage, the gelation time and degradation time
of the hydrogel system are gradually shortened. At 90 °C, the
increase of initiator dosage from 0.02 to 0.11% has resulted in
the shortening of the gelation time from 3 to 1 h, and that of
the degradation time from 8 to 6 days. This is because, with
the increase of the initiator concentration, the concentration of
free radicals in the hydrogel system increases, leading to a
higher probability of free radical collision and a higher rate of
polymerization. As a result, the gelation time becomes shorter
and the polymerization rate too fast, leading to a lower
polymerization degree of the system, lower hydrogel strength,
and shorter degradation time. It can also be seen from the
figure that the more the initiator dosage, the shorter the
gelation time, and the higher the temperature, the faster the
gelation time. This shows that controlled hydrogel gelation
time and degradation time can be realized by controlling the
dosage of cross-linking agent, so as to meet the needs of
reservoirs with different temperatures. When the initiator
dosage is higher than 0.08%, the initiator exerts a greater
influence on the degradation performance of the hydrogel
system; and the initiator dosage less than 0.05% leads to a too
slow gelation time of the hydrogel system; therefore, the
initiator dosage is set at 0.05%. At this time, the gelation time
of gel is 2−5 h, and the degradation time is 8−10 days.

3.2.2. Cross-Linking Agent Dosage Optimization. At a
temperature of 50−90 °C, a basic hydrogel formula of 10%
monomer + 0.05% initiator + 0.5% reinforcing agent + cross-
linking agent is adopted to examine the influence of the dosage
of cross-linking agent on the gelation performance and
degradation performance of the hydrogel system. As shown
in Figure 6, the experimental results indicate an inverse relation

Table 2. Experimental Results of Damage Performance of
the Hydrogel Core

temperature/
°C K1/(10−3μm2) K2/(10−3μm2) permeability recovery /%

50 1538.2 1502.7 97.69
60 1427.3 1393.2 97.61
70 1783.4 1718.9 96.38
80 1658.2 1602.7 96.65
90 1589.8 1526.3 96.01

Table 3. Cross-Linking Agent Concentration-Gelation Time
Relationship Table under Different Temperature
Conditions

temperature/°C
cross-linker concentration/%

0.2% 0.4% 0.6% 0.8% 1.0%

50 6 h 4.5 h 4 h 3 h 2.5 h
60 5 h 3.8 h 3 h 2 h 1.6 h
70 4 h 3 h 2.5 h 2 h 1.5 h
80 3 h 2.5 h 1.5 h 1.5 h 1.1 h
90 2.5 h 2 h 1.5 h 1.2 h 0.9 h

Figure 10. Curve fitting of cross-linking agent concentration and gelation time.
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between the gelation time of the hydrogel system and the
dosage of the cross-linking agent and a proportional relation
between degradation time and the dosage of the cross-linking
agent when the mass fraction of the monomer is 10% and that
of the initiator is 0.05%. At 90 °C, the increase of the cross-
linking agent dosage from 0.2 to 1% leads to a shortening of
the gelation time of the hydrogel from 2.5 to 1 h and an
extension of degradation time from 5 to 8 days. The reason for
this phenomenon is that when the dosage of the cross-linking
agent is low, the density of the system cross-linking agent is
small, resulting in difficult cross-linking of the system. With the
increase of the cross-linking agent dosage, the cross-linking of
the system becomes easier, facilitating the formation of a good
three-dimensional network cross-linking structure in the
hydrogel system and thereby shortening the gelation time
but prolonging the degradation time.33 It can be seen from the
figure that when the cross-linking agent dosage is 0.6%, the
gelation time is moderate and has little effect on the
degradation time; therefore, the initiator dosage is set at 0.6%.
3.3. Performance Evaluation of Hydrogels. 3.3.1. FT-IR

Analysis. The infrared spectrum of the hydrogel is shown in
Figure 7, which indicates 3210 and 1660 cm−1 as the -NH2
absorption peaks in the amide bond, the characteristic
absorption peak of acrylamide; 2967 cm−1 as the stretching
vibration peak of C−H in the double bond; 1409 cm−1 as the
in-plane bending vibration peak of C−H in the double bond;
and 1397 and 1118 cm−1 as the C−O stretching vibration
absorption peaks in the ester group. The above analysis leads
to the conclusion that the characteristic absorption peaks of
amide groups and ester groups appear in the infrared image of
the hydrogel, but without any sign of C�C absorption peaks.
This indicates that the hydrogel has cross-linked by acrylamide
and quaternary ammonium ester cross-linkers by breaking the
C�C double bond.

3.3.2. TGA Analysis. The reservoir temperature of the
hydrogel temporary plugging agent can not affect its molecular
structure during plugging operation, so TGA is used to
conduct thermal stability analysis on the temporary plugging
agent, and the thermogravimetric analysis curve is shown in
Figure 8. As can be seen from Figure 8, the thermal
decomposition of the temporary plugging agent is mainly
divided into three stages: the first stage is room temperature
∼225 °C, which is mainly the volatilization process of the
moisture on the surface of the temporary plugging agent, and
the weight is reduced by 3.3%; the second stage is from 225 to
340 °C, which is mainly due to the decomposition of amide
and ester bonds in the molecular structure of the temporary
plugging agent, resulting in a decrease in mass and a weight
reduction of 20.1%; the third stage is above 340 °C, which is
mainly due to the decomposition of the main chain of the
temporary plugging agent, resulting in a decrease in weight by
40.2%. From the thermogravimetric curve, it can be seen that
the temporary plugging agent has good thermal stability and
can meet the requirements of the vast majority of medium- and
low-temperature reservoirs.

3.3.3. Evaluation of Temperature Resistance. The gel
system prepared according to the optimal formula in the above
study is placed in constant temperature water baths at 50, 60,
70, 80, and 90 °C, respectively, with the state of the gel
observed at regular intervals to examine the thermal stability of
the hydrogel system at a reaction temperature of 50−90 °C.
The experimental results are shown in Table 1.

It can be seen from the table that the maximum strength of
the hydrogel system can reach grade J at 50−90 °C, indicating
high gel strength under different temperature conditions. The
increase in temperature brings about a longer time required for
the hydrogel system to reach grade A. This is mainly because
as the temperature rises, the molecular thermal motion is
intensified, resulting in higher collision probability between
water molecules and the ester groups and amide groups in the
hydrogel and consequently an accelerated hydrolysis rate of the
ester groups and amide groups, with accordingly shorter
degradation time. From the above results, it can be seen that
the gelation time of the hydrogel system can be stabilized at
2−3 h at 50−90 °C, the strength can be maintained for 5−10
days upon completion of gelation, and the viscosity after
complete degradation is lower than 10 mPa·s, indicating high
thermal stability of the hydrogel system.

3.3.4. Plugging Performance Evaluation. The results of the
plugging experiment of the hydrogel are shown in Figure 9,
which indicates the gradually improving bearing performance
of the hydrogel with the increase of injection volume from 0.25
to 1 PV, raising the bearing pressure from 5 to 28 MPa. When
the injection volume of the hydrogel is less than 0.5 PV, the
bearing pressure only reaches 15 MPa, but when the injection
volume is 1 PV, the bearing pressure of the hydrogel exceeds
25 MPa, without exception, showing high pressure-bearing
performance of the prepared hydrogel. It can also be seen from
the figure that the breakthrough pressure of the hydrogel
system is related to the injection volume but has nothing to do
with the gelation temperature, showing that the hydrogel
boasts high bearing performance which is not subject to
temperature changes.

3.3.5. Core Damage Performance Test. In order to study
the core damage performance of the hydrogel, fractured cores
have been selected for displacement experiments under
different temperature conditions. The experimental results
are shown in Table 2 below, which indicates the permeability
recovery values of hydrogels after self-degradation higher than
95% under different temperature conditions, with no
exception. This is because the amide group and ester group
in the hydrogel structure undergo hydrolysis under certain
temperature conditions, leading to the complete degradation of
the hydrogel into a low-viscosity liquid and showing that the
hydrogel system can meet the different temperature require-
ments of oil reservoirs. According to the industry standard, a
core damage rate of less than 5% is defined as having no impact
on the reservoir, which also shows that the hydrogel system
can, on the one hand, protect the reservoir well during actual
operation and, on the other hand, reduce environmental
pollution.
3.4. Study on Gelation Kinetics of the Hydrogel.

Under the condition of 50−90 °C, the influence of the
concentration of the cross-linking agent in the hydrogel system
on gelation time has been investigated through a formula of
10% monomer dosage, 0.05% initiator dosage, and 0.5%
reinforcing agent dosage with cross-linking agent concen-
tration, respectively, at 0.2, 0.4, 0.6, 0.8, and 1.0%. The
experimental data are shown in Table 3, and the fitting curve is
shown in Figure 10. It can be seen from Table 3 that when the
cross-linking agent concentration is 0.2% ∼ 1%, the gelation
time of the hydrogel system shortens with the increase of the
cross-linking agent concentration. This is because, with the
increase of the mass fraction of the cross-linking agent, the
number of groups that can undergo cross-linking reactions also
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rises, resulting in higher speed of the cross-linking reaction and
shorter gelation time of the gel system. It can be seen from
Figure 10 that under the condition of 50−90 °C, there are

P R50 C: GT 1. 47 , 0. 8290.62 2° = × [ ] =

P R60 C: GT 1. 29 , 0. 9010.70 2° = × [ ] =

P R70 C: GT 1. 27 , 0. 9490.54 2° = × [ ] =

P R80 C: GT 1. 08 , 0. 8840.62 2° = × [ ] =

P R90 C: GT 1. 01 , 0. 9110.67 2° = × [ ] =
Among them, GT refers to the gelation time of the gel

system, recorded by the hour, and P refers to the mass
concentration of the cross-linking agent, recorded by
percentage (%). It can be seen that under the condition of
50−90 °C, the order of reaction between the concentration of
the cross-linking agent and the gelation time is about 0.6.

4. CONCLUSIONS
In this work, a quaternary ammonium ester cross-linker was
synthesized from dimethylamino ethyl acrylate and dibromo-p-
xylene and analyzed by FT-IR, 1H NMR, and TGA. Based on
the synthesized quaternary ammonium ester cross-linking
agent, the temporary plugging agent formulations under
different temperature conditions were obtained through the
optimization of initiator and cross-linking agent additions. The
performance evaluation of the temporary plugging agent was
carried out, and the experimental results showed that its
adhesive strength could be maintained at 50−90 °C for 5−10
days, and the viscosity was lower than 10 mPa·s after complete
degradation. The hydrogel temporary plugging agent has good
pressure bearing performance and reservoir protection
performance, and the damage rate to the core is below 5%,
which can be applied to medium- and low-temperature well-
killing operations. Finally, the gelation kinetics of the hydrogel
plugging agent system was studied, and the kinetic equation
between the concentration of the cross-linking agent and the
gelation time was obtained at 50−90 °C. The reaction order
between the concentration of the cross-linking agent and the
gelation time was about 0.6.
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